Electrophysiological techniques were used to determine the electrical properties of the collecting duct (CD) cell in the isolated cortical collecting duct from obstructed (UUOOK) and contralateral (UUOcK) kidneys in rabbits 24 h after unilateral ureteral obstruction (UUO); results were compared with those from sham-operated kidneys. The lumen-negative transepitheHal voltage and the basolateral membrane voltage (V B) were decreased in the UUOOK, and increased in the UUOCK. The transepithelial conductance (GT) was decreased in parallel with an increase in the fractional apical membrane resistance (fRA) and a decrease in apical membrane conductance in the UUOOK. By contrast, the GT was increased in parallel with increases in apical and basolateral membrane conductances in the UUOCK. The amiloride-sensitive changes in apical membrane voltage (V A), GT and f RA were lower in the UUOOK, but greater in the UUOCK. The changes in V A and GT upon raising the perfusate K+ concentration and upon addition of luminal Ba2" were decreased in the UUOOK, and increased in the UUOCK. Addition of ouabain to the bath resulted in a smaller depolarization ofV B in the UUOOK, but in a greater depolarization in the UUOCK. Upon lowering bath Cl-, the change in basolateral membrane electromotive force (AEMF) was increased in the UUOOK, and decreased in the UUOCK. Reversely, upon raising bath K+, the AEMF was decreased in the UUOOK, and increased in the UUOCK. We conclude: (a) the conductances of Na+ and K+ in the apical membrane, and active Na+-K+ pump activity and relative K+ conductance in the basolateral membrane are decreased in the UUOOK, and increased in the UUOCK; (b) the relative basolateral membrane CI-conductance was increased in the UUOOK, and decreased in the UUOCK. Unilateral ureteral obstruction (UUO)' causes a number of alterations in renal function ofboth obstructed and untouched contralateral kidneys ( 1, 2). Abnormalities in Na+ and water conservation and in H+ and K+ excretion (3-9) are known to occur in the distal nephron segments, including the cortical collecting duct (CCD), from the obstructed kidney after UUO. However, the mechanisms underlying these disorders have not been fully evaluated. Only a few studies have assessed some of them at a segmental level. The in vitro microperfusion studies of the rabbit CCD have demonstrated that ureteral obstruction led to decreases in the lumen-negative transepithelial voltage (6, 8) as well as in Na+ reabsorption (6). These changes also included decreases in Na+-K+-ATPase activity (9) and in Na+-K+ pump in situ turnover (4) in the CCD from the obstructed rat kidney after UUO. These observations have suggested that the collecting duct (CD) cell would be functionally impaired after ureteral obstruction, because the CD cell is mainly responsible for Na+ and K+ transports in the CCD (10-15). However, the cellular mechanisms of the defects in Na+ and K+ transports in the CCD from obstructed kidneys remain unknown.
Introduction
Electrophysiological techniques were used to determine the electrical properties of the collecting duct (CD) cell in the isolated cortical collecting duct from obstructed (UUOOK) and contralateral (UUOcK) kidneys in rabbits 24 h after unilateral ureteral obstruction (UUO); results were compared with those from sham-operated kidneys. The lumen-negative transepitheHal voltage and the basolateral membrane voltage (V B) were decreased in the UUOOK, and increased in the UUOCK. The transepithelial conductance (GT) was decreased in parallel with an increase in the fractional apical membrane resistance (fRA) and a decrease in apical membrane conductance in the UUOOK. By contrast, the GT was increased in parallel with increases in apical and basolateral membrane conductances in the UUOCK. The amiloride-sensitive changes in apical membrane voltage (V A), GT and f RA were lower in the UUOOK, but greater in the UUOCK. The changes in V A and GT upon raising the perfusate K+ concentration and upon addition of luminal Ba2" were decreased in the UUOOK, and increased in the UUOCK. Addition of ouabain to the bath resulted in a smaller depolarization ofV B in the UUOOK, but in a greater depolarization in the UUOCK. Upon lowering bath Cl-, the change in basolateral membrane electromotive force (AEMF) was increased in the UUOOK, and decreased in the UUOCK. Reversely, upon raising bath K+, the AEMF was decreased in the UUOOK, and increased in the UUOCK. We conclude: (a) the conductances of Na+ and K+ in the apical membrane, and active Na+-K+ pump activity and relative K+ conductance in the basolateral membrane are decreased in the UUOOK, and increased in the UUOCK; (b) the relative basolateral membrane CI-conductance was increased in the UUOOK, and decreased in the UUOCK. (J. Clin. Invest. 1993. 92:571-581.) Key words: electrophysiology potassium conductance * sodium conductancesodium pump * unilateral ureteral obstruction Unilateral ureteral obstruction (UUO)' causes a number of alterations in renal function ofboth obstructed and untouched contralateral kidneys ( 1, 2) . Abnormalities in Na+ and water conservation and in H+ and K+ excretion (3) (4) (5) (6) (7) (8) (9) are known to occur in the distal nephron segments, including the cortical collecting duct (CCD), from the obstructed kidney after UUO. However, the mechanisms underlying these disorders have not been fully evaluated. Only a few studies have assessed some of them at a segmental level. The in vitro microperfusion studies of the rabbit CCD have demonstrated that ureteral obstruction led to decreases in the lumen-negative transepithelial voltage (6, 8) as well as in Na+ reabsorption (6) . These changes also included decreases in Na+-K+-ATPase activity (9) and in Na+-K+ pump in situ turnover (4) in the CCD from the obstructed rat kidney after UUO. These observations have suggested that the collecting duct (CD) cell would be functionally impaired after ureteral obstruction, because the CD cell is mainly responsible for Na+ and K+ transports in the CCD (10) (11) (12) (13) (14) (15) . However, the cellular mechanisms of the defects in Na+ and K+ transports in the CCD from obstructed kidneys remain unknown.
In addition, there is little information regarding the distal nephron function of contralateral kidneys after UUO. Most studies have been performed to characterize the distal nephron function of the obstructed kidney as compared to that of the contralateral kidney. Both unilateral nephrectomy (UNX) ( 16, 17) and UUO (18) (19) (20) result in adaptive increases in the size and the function of the contralateral kidney. Among the remaining nephrons, the CCDs from the remnant kidney after UNX also exhibit adaptive increase in Na+ reabsorption (21 ) and K+ secretion (22) . These adaptive changes are accompanied by an increase in Na+-K+-ATPase activity (23) and an amplification ofthe basolateral membrane ofthe CD cell (24) . Very recently, we have demonstrated that the CCDs from the remnant kidney in rabbits 14 d after UNX had structural hypertrophy, and that conductances of Na+ and K+ in the apical membrane as well as active Na'-K+-ATPase pump activity and K+ conductance in the basolateral membrane of the CD cell from the contralateral kidney are stimulated (25) . Thus, the chronic adaptations in tubular size, and Na+ and K+ transport properties in the CCD have been well studied. However, less attention has been paid to the early alterations in tubular function and morphology that follow loss of functional renal mass.
Accordingly, the purpose of the present study was to determine the electrical properties ofthe apical as well as the basolateral membranes ofthe CD cell from the obstructed and contralateral kidneys 24 h after UUO.
In this article, we demonstrate that conductances of Na' and K+ in the apical membrane, and electrogenic Na'-K+-ATPase pump activity and relative K+ conductance in the basolateral membrane of the CD cell are inhibited in the obstructed kidney, whereas they are stimulated in the contralateral kidney. We also found that the relative Cl-conductance of the basolateral membrane of the CD cell is increased in the obstructed kidney, while it is decreased in the contralateral kidney.
Methods
Animals and surgical procedures. Female Japanese white rabbits weighing 1.5-2.5 kg were used. Experiments were performed to use three groups ofkidneys: sham-operated (in this study termed control), obstructed (UUOOK), and contralateral (UUOcK) kidneys 24 h after UUO. Left ureteral obstruction was performed, with sterile technique under light anesthesia with intravenous pentobarbital of 30 mg/kg, by trying a 3-0 silk suture around the left ureter above the ureterovesicular junction. In control animals, the left ureter was manipulated but otherwise left intact. The control and UUO animals were then permitted to recover from anesthesia and were returned to their cages, with free access to food and water. The rabbits were maintained on standard rabbit laboratory diet (rabbit diet, Clea Japan, Inc., Tokyo) containing Na' of 120 meq/kg diet and K+ of 400 meq/kg diet, and tap water ad lib. Isolation andperfusion oftubules. 24 h after the surgery, blood was taken from control and UUO rabbits to determine plasma concentrations of Na', K+, and CP-. The control and UUO animals were then reanesthetized with intravenous sodium pentobarbital of 35 mg/kg, and the both kidneys were removed and weighed. Slices ofthe coronal section 1-2 mm thick were made and transferred to a dish containing a cold intracellular fluid-like solution of the following composition (mM): 14 KCI, 44 K2HPO4, 14 KH2PO4, 9 NaHCO3, and 160 sucrose. As described previously ( 14, 15, 25) , this dissection medium was selected because it has been reported that intracellular fluid-like solutions are much better in preserving kidney tissue metabolically as well as functionally. Segments ofCCDs were dissected from the cortex, and transferred to a bath mounted on an inverted microscope (Diaphot; Nikon, Tokyo). Each tubule was perfused in vitro according to the techniques developed by Burget al. (26) and as modified in this laboratory for the use of intracellular microelectrodes ( 14, 15, 25) . Because the details of the technique have been published previously ( 14, 15, 25) , they will be presented here only briefly. Tubules were suspended between the two pipettes. The luminal perfusion rate exceeded 20 nl/ min in all tubules. The distal end ofthe tubule was held in the collecting pipette with unpolymerized Sylgard 184 (Dow Corning Corp., Midland, MI). The tubule was perfused in the bathing chamber of -100 ,l to permit rapid exchange of the bathing solution within 5 s. The bathing solution flowed at 5-15 ml/min from the reservoirs by gravity through a water jacket to permit the bath temperature to be regulated at 370C.
Electrical measurements. The transepithelial and cellular electrical properties ofthe tubule were measured using techniques described previously in this laboratory ( 14, 15, 25) . In brief, the transepithelial voltage (VT) was measured through the perfusion pipette, which was connected to one channel of a dual-channel electrometer (Duo 773; W-P Instruments, Inc., New Haven, CT) with a 3 M KCI-3% agar bridge and a calomel half-cell electrode. The basolateral membrane voltage (VB) was measured with 0.5 M KCI-filled microelectrodes, which were fabricated from borosilicate glass capillaries (GD-1.5; 1.5 mm OD, 1.0 mm ID; Narishige Scientific Laboratory, Tokyo) by using a vertical puller (PE-2; Narishige Scientific Laboratory). Both voltages were referenced to the bath and were recorded on a four-pen chart recorder (R64; Rikadenki, Tokyo). Cable analysis was used to calculate the transepithelial conductance (GT), and the fractional apical membrane resistance (fRA) as described in detail previously ( 14, 15, 25) . Constant-current pulses, 50 nA ( 300 ms in duration, 10-s interval), were injected into the tubule lumen via the perfusion pipette. The fRA was estimated from the ratio of the voltage deflection across the apical membrane and the voltage deflection across the entire epithelium at the point of impalement.
The conductances of the apical and basolateral membranes (GA and GB, respectively) and the tight junction conductance (GT3) were estimated using 2 mM Ba2" in the lumen as a probe to the equation described previously (11) (12) (13) 25) : GT = (1-fRA) GB Table I . In control animals, there were no significant differences of weights of right and left kidneys. By contrast, in UUO animals, the weights of the obstructed left kidney were significantly increased as compared to the untouched right kidney. Paulson and Fraley (27) These findings are consistent with the notion that the change in inner diameter is more prominent than that in outer diameter after UUO. Luminal dilatation of the CCD segment from obstructed rat kidneys has also been reported to occur as early as 24 h after ureteral obstruction (28) . On the other hand, the inner and outer diameters (29.1±0.9 and 39.1±0.8 Am, respectively) of 22 tubules from the contralateral kidney after UUO were not significantly different from those in the control kidney.
Effects ofUUO on barrier voltages and conductances ofthe CD cellfrom obstructed and contralateral kidneys. The effects of UUO on barrier voltages of the CD cells of tubules from obstructed and contralateral kidneys are illustrated in Fig. 1 . We found that not only -VT (control -8.6± 1.1 mV, n = 17; Table II shows the effects of UUO on fRA and barrier conductances of the CD cell from obstructed and contralateral kidneys. The fRA was significantly elevated and the GT was significantly reduced in the UUOOK group, indicating that UUO affects the conductive pathway of the apical membrane of the obstructed tubule more than that of the basolateral membrane. This notion was also supported by the fact that the GA was significantly lower in the UUOOK group. However, either GB or GTj in the CD cell from the obstructed kidney was not significantly changed. By contrast, the GT was significantly increased in parallel with increases in GA and GB in the UUOcK group, although neither the fRA nor the GTj was changed.
Effects of UUO on electrical properties ofthe apical membrane ofthe CD cellfrom obstructed and contralateral kidneys.
As described above, UUO induced a decrease in GA in the UUOOK, but an increase in GA in the UUOCK. The first set of the studies was, therefore, designed to examine whether this alteration in GA is the result of a change in the Na+ conductance and/or K+ conductance in the apical membrane of the CD cell.
To examine whether the Na+ conductance in the apical membrane of the CD cell from obstructed and contralateral kidneys is affected upon UUO, we added a Na+ channel inhibitor, amiloride, to the luminal perfusate and compared the barrier voltages and conductances, as shown in Table III . Upon addition of 50,uM amiloride to the perfusate, the VT and VB in the tubules of the three different groups were rapidly depolarElectrical Properties ofCortical Collecting Ducts after Ureteral Obstruction 573 Values are mean±SE. n, number of tubules. * P < 0.05, t P < 0.005, § P < 0.001 vs. control.
ized, resulting in a significant hyperpolarization of VA. At that time, the GT was significantly decreased and the fRA was significantly increased in the three groups. However, the amiloridesensitive changes in VA, GT, and fRA were significantly reduced in the UUOOK group, and significantly elevated in the UUOcK group (Fig. 2) . Therefore, these results indicate that the amiloride-sensitive Na+ conductance in the apical membrane ofthe CD cell is reduced in the UUOOK group, while it is elevated in the UUOC group.
The next set ofstudies was designed to examine whether or not the apical membrane K+ conductance ofthe-CD cell in the tubules from obstructed and contralateral kidneys is changed. Therefore, we determined the effects ofraising the luminal perfusate K+ concentration from 5 to 50 mM on barrier voltage and conductances at the initial peak response in the three groups (Table IV) . When the perfusate K+ concentration was increased in the tubules ofthe three groups, the VT was rapidly hyperpolarized and the VB was rapidly depolarized, resulting in a significant depolarization of VA. At that time, the GT was significantly increased, and the fRA was significantly decreased in the three groups. Although similar pattern of the responses of VA, GT, and fRA was observed in the tubules of the three groups, the changes in VA and GT were significantly lower in the UUOOK group, and significantly greater in the UUOCK group (Fig. 3) . These results indicate that the apical membrane K+ conductance is decreased in the UUOOK group, but increased in the UUOCK group.
To further characterize the K+ conductive property in the apical membrane ofthe CD cell from obstructed and contralateral kidneys, we added a K+ channel inhibitor, Ba2+, to the luminal perfusate and observed the electrical properties at the initial peak response (Table V) . When 2 mM Ba2" was added to the perfusate in the tubules of the three groups, the VT was rapidly hyperpolarized, and the VB was rapidly depolarized, resulting in a significant depolarization ofVA. At that time, the GT was significantly decreased, and the fRA was significantly increased in the tubules of the three groups. However, the Ba2+-sensitive changes in VA, GT, and fRA were significantly lower in the UUOOK group (Fig. 4) . In contrast, the Ba2+-sensitive changes in VA and GT were significantly greater in the WUOCK group (Fig. 4) . From these results it is concluded that the Ba2+-sensitive K+ conductance in the apical membrane is decreased in the UUOOK group, and increased in the UUOCK group.
Effects of UUO on electrical properties of the basolateral membrane of the CD cell from obstructed and contralateral kidneys. As shown in Fig. 1 , the -VB was reduced by -15 mV in the tubules from the obstructed kidney, and was increased by -20 mV in the tubules from the contralateral kidney. These findings suggest that the Na+-K+-ATPase pump activity in the basolateral membrane of the CD cell is inhibited in the obstructed kidney, whereas it is stimulated in the contralateral kidney. To further confirm this notion, we added a Na+-K+ pump inhibitor, ouabain, to the bath, and observed the barrier voltages and conductances at the initial peak response. As shown in Table VI, in the three groups of the tubules addition of 10-4 M ouabain to the bath caused both VT and VB to depolarize significantly without any changes in GT or fRA. However, the initial peak change was significantly reduced in the UUOOK group, but significantly increased in the UUOC group The conductive pathway ofthe basolateral membrane from the normal rabbit kidney is composed of a dominant Cl -conductive pathway and a small K+ conductive pathway ( 12, 14) . In the basolateral membrane, the coupled influx of K+ via the Na'-K+-ATPase pump is "recycled" via this basolateral K+ conductance. Thus, the change in Na'-K' pump activity described above would influence the basolateral K+ conductance. Therefore, we compared the relative ion conductive properties of the basolateral membrane of the three groups of tubules using rapid exchange rates of bath. When the bath K+ concentration was increased from 5 to 50 mM, the basolateral membrane in the tubules of the three groups was rapidly depolarized. However, the initial peak change in VB was lower in the UUOOK group (9.0±0.9 mV, n = 19, P < 0.05) and greater in the UUOCK group (29.5±2.0 mV, n = 33, P < 0.001) when compared with the control group ( 12.6±1.3 mV, n = 14). Simultaneously, the AEMF was lower in the UUOOK group (7.0±0.8 vs. 9.9±0.9 mV, P < 0.05) and greater in the UUOCK group (25.8+1.9 mV, P < 0.00 I) (Fig. 6) . When the bath Clconcentration was decreased from 120.6 to 12 mM, the basolateral membrane in the tubules of the three groups was rapidly depolarized. However, the initial peak change in VB was significantly greater in the UUOOK group (31.2±2.0 mV, n = 12, P < 0.01) than in the control group (23.8±1.3 mV, n = 11). In contrast to the UUOOK group, the magnitude ofthe initial peak depolarization of VB was significantly lower in the UUOCK group ( 16.0±1.0 mV, n = 14, P < 0.001 ). Simultaneously, the AEMF was greater in the UUOOK group (36.0±0.8 vs.
27.0±1.4 mV, P < 0.001), and lower in the UUOcK group (16.0±1.0 mV, n = 14, P <0.00I) (Fig. 6 ). Table VII shows the effects of raising the bath K+ concentration on barrier voltages and conductances at the initial peak response. Upon raising the bath K+ concentration in the tubules of the three groups, the GT and the fRA were significantly increased. As shown in Fig. 7 , however, the changes in GT and fRA were significantly decreased in the UUOOK group, and significantly increased in the UUOCK group. From these obser- To further characterize the basolateral membrane K+ conductive property in the UUOCy group, we added 2 mM Ba2" to the bath, and observed the electrical parameters. Table VIII summarizes the effects of Ba2" to the bath on electrical properties at the initial peak response. In the control group, addition of Ba2+ to the bath had no significant effects on VT and VB, although it caused both GT and fRA to decrease significantly. These findings indicate that K+ is close to equilibrium across the basolateral membrane. In sharp contrast to the control group, 2 mM Ba2+ was added to the UUOCK group, both VT and VB were rapidly hyperpolarized with decreases in GT and fRA. These results are consistent with Ba2' blockade of K+ current directed into the cell from the bath in the UUOCK group. These findings are also reported in the CCDs from deoxycorticosterone acetate (DOCA)-treated rabbits (29) and in the CCDs from the remnant kidney 14 d after UNX (25) . (19) t (11) t -40J Values are mean±SE. genic Na+-K+-ATPase pump activity and relative K+ conductance in the basolateral membrane ofthe CD cell are decreased in the obstructed kidney, whereas they are increased in the contralateral kidney. We also found that the relative basolateral membrane Cl-conductance is increased in the obstructed kidney, and decreased in the contralateral kidney. Electrical properties ofthe CD cellfrom the obstructed kidney. UUO is known to decrease the lumen-negative VT (6, 8) , lumen-to-bath 22Na flux (6) , and Na+-K+-ATPase activity (9) in the CCD from the obstructed kidney. However, whether either the GA, the GB, and/or the GTj is affected upon UUO,
has not yet been determined. The present study showed that UUO selectively decreased the GA of the CD cell from the obstructed kidney.
Na+ absorption in the CCD from normal rabbits is initiated by passive Na+ diffusion from the lumen into the cell down its electrochemical gradient via a Na+ channel and is then actively extruded from the cell into the peritubular space via the Na+-K+ pump located in the basolateral membrane (10) (11) (12) (13) . In the present study, we observed that the amiloride-sensitive changes in VA, GT, and fRA were much lower in the UUOOK group. These observations indicate that the amiloride-sensitive Na+ conductance in the apical membrane of the CD cell from the obstructed kidney is inhibited upon UUO, resulting in a decrease in Na+-K+-ATPase activity. Such effects of UUO on the apical Na+ conductance are consistent with the reported decrease in Na+ reabsorption in the CCD from the obstructed rabbit kidney 4 h after UUO (6) .
K+ is secreted in the CCD from normal rabbits by a twostep process that involves uptake from the blood into the cell via the basolateral membrane Na+-K+ pump and passive diffusion down the cell to the lumen through a large apical membrane K+ conductive pathway (10-13). In the present study, we also demonstrate that the changes in VA and GT upon raising the luminal perfusate K+ concentration and the changes in VA, GT and fRA upon addition of luminal Ba2+ were much lower in the CCDs from the obstructed kidney. These findings are consistent with the notion that the Ba2+-sensitive K+ conductance in the apical membrane of the CD cell from the obstructed kidney is also inhibited after UUO. Therefore, the impaired K+ secretion in the CCD upon ureteral obstruction can be, at least in part, explained by a decrease in the apical membrane K+ conductance.
In the obstructed tubule of the present study, the basolateral membrane of the CD cell depolarized by -15 mV below the values of the control tubule. Furthermore, the initial pedk changes in VB upon addition of ouabain to the bath were lower in the UUOOK group, as shown in Fig. 5 and Table VI . From these two observations, it is concluded that the electrogenic Na+-K+ pump activity in the basolateral membrane ofthe CD cell from the obstructed kidney is inhibited upon UUO. This decrease in basolateral Na+-K+ pump activity is consistent with the reports that both the Na+-K+-ATPase activity (9) and the Na+-K+ pump in situ turnover (4) in the CCD of the obstructed rat kidney 24 h after UUO are decreased.
In the CD cell from normal rabbit kidneys, K+ undergoes recycling across the basolateral membrane via active uptake by the Na+-K+ pump and passive movement through a K+ conductive pathway. The parallel coupling between the magnitude of the K+ conductive pathway at the basolateral membrane and the Na'-K+-ATPase pump activity exists in nearly all salttransporting epithelia: changes of the one component lead to respective alterations of the other. Thus, the relative K+ conductance in the basolateral membrane would be expected to be inhibited upon UUO, because the basolateral Na'-K' pump activity is significantly decreased, as described above. Using the AEMF upon abrupt changes in bath K+ and Cl-concentrations, we can estimate the relative conductances of K+ and C1-in the basolateral membrane. The present study demonstrates that the relative K+ conductance is decreased, as was expected. In contrast to the K+ conductance, the relative C1-conductance is increased. However, this finding is not surprising. Greger et al. also reported that inhibition of Na+-K+-ATPase pump due to addition of ouabain caused an increase in Clconductance and a decrease in K+ conductance in rabbit cortical thick ascending limb (30) and in shark rectal gland (31 ) .
The reason why the relative Cl -conductance in the basolateral membrane of the CD cell from the obstructed kidney is increased, is not known at present. An inhibition of the Na+-K+ pump activity in parallel with decrease in basolateral K+ conductance is associated with a depolarization of VB, which might turn on a voltage-dependent Cl-conductance. In fact, as 
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The mechanisms responsible for the observed electrical changes of the apical as well as the basolateral membranes of the CD cell from the obstructed kidney after UUO are probably multifactorial. Although we have not yet determined them in the present study, we will only speculate some of them here in brief. Among the factors that might be operative singly or in concert, we might propose the consequences of luminal flow and pressure changes (1) and their influence on Na+ and K+ transports in the CCD. According to Gross et al. (39) , acute increase in intraluminal pressure in the rabbit CCD perfused in vitro led to a rapid reduction in lumen-negative VT, resulting in a decrease in Na' reabsorption. Therefore, if the rise in intraluminal pressure in vivo remained in the isolated perfused tubules from the obstructed kidney, it may possibly inhibit Na' entry into the cell at the apical border. This in turn would reduce the intracellular Na' activity, resulting in a decrease in Na'-K+-ATPase pump activity in the basolateral membrane. The low flow rate in the obstructed kidney may also be an important contributing factor to low K+ secretion. This idea is also supported by the report of Engbretson and Stoner (40) that the linear relationship exists between K+ secretion and perfusion rate between 5 and 6 nl/min in the rabbit CCD perfused in vitro.
Ureteral obstruction is known to stimulate the production of prostaglandins in the obstructed kidney (41, 42) . In addition, in the CCD from normal rabbits, prostaglandins have been demonstrated to decrease Na' reabsorption (43, 44) . Therefore, if increased production of prostaglandins in the obstructed kidney persists after isolation and during perfusion of the tubule, it may also contribute to decrease Na' reabsorption in the obstructed tubule. This idea is also supported by the report of Campbell et al. (6) that the reduced lumen-negative VT in the CCD from the obstructed rabbit kidney 4 h after UUO was prevented by pretreatment with indomethacin before the surgery. Further studies will be required to define the mechanisms of the electrical changes observed in the CD cell from the obstructed kidney.
Electrical properties of the CD cell from the contralateral kidney. As described in Table II , the GA ofthe CD cell from the contralateral kidney appears to be also the influence of UUO. tion and upon addition of luminal Ba2 , we can estimate the apical membrane Na' and K+ conductances. As shown in Fig.  2 , the amiloride-sensitive Na+ conductance in the apical membrane ofthe CD cell from the contralateral kidney is stimulated after UUO. Furthermore, as shown in Figs. 3 and 4 , the changes in VA and GT upon raising the perfusate K+ concentration and upon addition of luminal Ba2 , were also much greater in the UUOCK group. These observations are consistent with the notion that the Ba2+-sensitive K+ conductance in the apical membrane of the CD cell from the contralateral kidney is also stimulated upon UUO. The increased Na+ and K+ conductances in the apical membrane of the CD cell are also observed in the CCD from chronic DOCA-treated rabbits (29) and from the remnant kidneys in rabbits 14 d after UNX (25) . As illustrated in Fig. 1 , the basolateral membrane ofthe CD cell in the UUOCK hyperpolarized by -20 mV above the values in the control. Furthermore, the initial peak changes in VB upon addition of ouabain to the bath were significantly greater in the UUOCK group. From these two observations, it is indicated that the electrogenic Na+-K+ pump activity in the basolateral membrane of the CD cell from the contralateral kidney is also stimulated after UUO.
As shown in Table II , the GB ofthe CD cell from the contralateral kidney were also affected by UUO. The GB of the CD cell had a 1.6-fold increase after UUO. Based on the AEMF upon abrupt changes in bath K+ and C1-concentrations, we demonstrate that the basolateral membrane of the CD cell in the CCDs from the contralateral kidney after UUO is predominantly selective to K+. These observations strikingly resemble those seen in the basolateral membrane of the CD cell in the CCD from chronic mineralocorticoid-treated rabbits (29, 32) , and from remaining kidneys in rabbits 14 d after UNX (25) .
In the CD cell from normal rabbits, VB is known to be near the Nerst equilibrium potential for K+ across the basolateral membrane (25, 29) . In the present study, we also observed the same electrical property in the basolateral membrane of the CD cell from the control kidney, because Ba2+, an effective inhibitor of K+ channel, to the bath had no effect on VB. On the other hand, after UUO -VB in the UUOCK group was elevated by -20 mV so that a driving force for K+ entry into the cell could exist, because addition of Ba2+ to the bath caused the basolateral membrane to hyperpolarize significantly (Table  VIII) . Therefore, increases in both K+ conductance and the driving force for K+ across the basolateral membrane, could result in an increased K+ uptake across the basolateral membrane in the CCDs from the contralateral kidney 24 h after UUO.
The mechanisms for the observed functional adaptations of the CD cell during the early stage of UUO remain unclear. Several factors, such as sodium delivery to the CCD (45, 46) and mineralocorticoid (47) , could be responsible for the adaptive increase in Na+ and K+ transports in the CCDs from the contralateral kidney. In addition, growth factors ( 17) may also be involved in the mechanisms of the adaptation after loss of functional nephron.
The present study demonstrates that both Na+ and K+ conductances in the apical membrane of the CD cell from the contralateral kidney are stimulated after UUO. However, both conductances do not increase in exact proportion. The Na+ conductance is increased to a greater degree than the K+ conductance, because the amiloride-induced increase in fRA is significantly greater in the UUOCK group than in the control group (Fig. 2) , but the Ba2+-induced increase in fRA is not different between the two groups (Fig. 4) . Thus, we propose that UUO leads to enhanced uptake of Na+ into the CD cell across the apical membrane in the CCD from the contralateral kidney, and then to stimulate Na+ absorption.
It should be noted that these functional adaptive changes were not associated with kidney and tubular hypertrophy in the present study. It has been demonstrated that the water absorption also in the isolated proximal straight tubule from the contralateral kidney in rabbits 24 h after UNX or UUO is increased, the despite the kidney weight is not greater than sham Electrical Properties ofCortical Collecting Ducts after Ureteral Obstruction 579 E 0 controls (48) . The GFR in the UUO animals has been reported to increase even 24 h after UUO (18, 48) . Accordingly, we speculate that an increased rate of Na' delivery to the CCD may result in an increase in the Na' uptake into the cell across the apical membrane, leading to a stimulation of kidney and tubular growth. Shirley and Walter (45) also arrived at the hypothesis that an increased rate of Na' delivery to the nephrons might act as a stimulus to kidney growth and/or to changes in tubular handling of electrolytes and water, because the changes in GFR and single nephron GFR in the remnant kidney in rats 2-5 h after UNX preceded any measurable change in kidney size. A close association between renal cell growth and dietary Na' intake has been reported in the renal tubules. Hypertrophy of proximal tubule cells is associated with a prolonged increase in Na' uptake (49, 50) . An increase in the filtered load of Na+ in the remnant nephrons stimulates the rate of cell Na' uptake via the apical membrane Na'-H+ antiporter, accelerates net Na+ and water absorption, increases the quantity of Na'-K+-ATPase and enhances the area of the basolateral membrane in the proximal tubule (50, 51) . A chronic rise in Na' absorption by segments ofdistal nephron is also associated with cellular hypertrophy and hyperplasia. Kaissling et al. (52) (53) (54) (55) ) have reported that increased Na+ delivery into the distal nephron by giving rats a high Na+ diet and infusing furosemide, a diuretic that inhibits Na' and Cl-absorption by the thick ascending limb, increased the Na+ concentration in the tubular fluid, enhanced the electrochemical gradient promptly Na+ influx across the apical membrane and stimulated Na' absorption by the distal tubule and CCD. These functional changes were paralleled with an increase in cell area, basolateral membrane area, and mitochondrial volume of the Na'-absorbing cells in the distal nephrons including distal convoluted tubule cells, connecting tubule cells, and CD cells. Further studies will be required to define the role of the Na+ in compensatory renal hypertrophy.
In summary, we have clearly characterized the electrical properties of the CD cell from obstructed and contralateral kidneys after UUO.
